Local Buckling of Steel Tubular Columns and the Effect of End Conditions. by Salley, Michael F.
Lehigh University
Lehigh Preserve
Theses and Dissertations
1-1-1981
Local Buckling of Steel Tubular Columns and the
Effect of End Conditions.
Michael F. Salley
Follow this and additional works at: http://preserve.lehigh.edu/etd
Part of the Civil Engineering Commons
This Thesis is brought to you for free and open access by Lehigh Preserve. It has been accepted for inclusion in Theses and Dissertations by an
authorized administrator of Lehigh Preserve. For more information, please contact preserve@lehigh.edu.
Recommended Citation
Salley, Michael F., "Local Buckling of Steel Tubular Columns and the Effect of End Conditions." (1981). Theses and Dissertations. Paper
2405.
Local   Buckling 
of Steel   Tubular Columns 
and the Effect of End Conditions 
by 
Michael  F.  Sal ley 
A Thesis 
Presented to the Graduate Committee 
of Lehigh University 
in Candidacy for the Degree of 
Master of Science 
in Civil Engineering 
Lehigh University 
1981 
ProQuest Number: EP76681 
All rights reserved 
INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted. 
In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed, 
a note will indicate the deletion. 
uest 
ProQuest EP76681 
Published by ProQuest LLC (2015). Copyright of the Dissertation is held by the Author. 
All rights reserved. 
This work is protected against unauthorized copying under Title 17, United States Code 
Microform Edition © ProQuest LLC. 
ProQuest LLC. 
789 East Eisenhower Parkway 
P.O. Box 1346 
Ann Arbor, Ml 48106-1346 
CERTIFICATE OF APPROVAL 
This   thesis   is   accepted   and   approved   in   partial   fulfillment  of 
the requirements  for the degree of Master of Science. 
ft? Jryut ar*i     2 7   ,  / 9 cP / 
tfpdatel     ^ 
Alexis Ostapenko 
Professor in Charge 
David A. VanHorn 
Chairman of Department 
I i 
ACKNOWLEDGEMENTS 
This research was performed at the Fritz Engineering Laboratory, 
Lehigh University. Dr. Lynn S. Beedle is Director of the laboratory 
and Dr. David A. VanHorn is Chairman of the Civil Engineering 
Department. 
At different phases, the project was separately funded by 
several organizations. Support was given by the American Petroleum 
Institute, American Iron and Steel Institute and the Energy Research 
Center of Lehigh University. 
Thanks must be given to Mr. R. C. VanKuren of Bethlehem Steel 
and the Bethlehem Steel Corporation for donating the test specimens. 
Much credit must be given to Dr. Alexis Ostapenko for his time, 
guidance and assistance as project and thesis advisor during all 
phases of the project. 
The initial phase of this research was started in an undergrad- 
uate course CE 211, Research Problems. The co-worker in this course, 
Stuart S. Chen, provided much help in this important initial phase 
through his labors and his companionship as a fellow classmate. 
Sincere thanks must be given to Dr. Roger G. SI utter for his 
advice and to the technical staff of the Fritz Engineering Laboratory, 
especially Messrs. Russell C. Longenbach and Hugh T. Sutherland for 
their assistance in instrumentation and testing. Special thanks are 
l11 
due to David F. Grimm for his assistance during testing. Gratitude is 
also expressed to Shirley Matlock and Carol Markey for their patience 
and expertise in typing the manuscript. 
IV 
TABLE OF CONTENTS 
Page 
ABSTRACT 1 
INTRODUCTION 2 
1.1 Background 2 
1.2 Objectives 3 
1.3 Outline of the Research Program 3 
1.3.1 Similarity between the Test Specimens 
and the Specimens of References 1, 2, 3, 4, 5   3 
1.3.2 Specimen Tests 4 
1.3.3 Analysis of Test Results 4 
DESCRIPTION.OF SPECIMENS 5 
2.1 Fabrication and Dimensions of Specimens 5 
2.2 Material Properties 5 
2.3 Specimen Imperfections 6 
2.4 Specimen End Devices 7 
2.4.1 Spherical Bearing End 7 
2.4.2 Roller Devices 7 
TEST PROCEDURE 9 
3.1 Parallel Ends Test Setup 9 
3.2 Roller End Test Setup 10 
3.3 Instrumentation 11 
3.4 Load Increments, Data Collection and 
Crosshead Speeds 12 
TEST RESULTS 13 
4.1 Load-Deformation Behavior of Specimens 13 
4.2 Prebuckling Behavior 13 
4.3 Motion of the Bottom of Roller End Specimens 
R2, R3, R4, R6, R7 and Rll 14 
4.4 Buckling Behavior 14 
4.5 General Postbuckling Behavior 15 
4.5.1 Postbuckling Behavior of the Parallel 
Ends Specimens 16 
4.5.2 Postbuckling Behavior of the Roller 
End Specimens 16 
DISCUSSION OF TEST RESULTS 18 
5.1 Prebuckling Behavior 18 
5.2 Buckling Behavior 18 
5.3 Postbuckling Behavior 20 
5.4 Eccentricity 21 
5.5 Early Buckling of Specimens P2 and R8              24 
5.6 Static and Dynamic Load Behavior of 
Specimens P3, P4 and P5 24 
5.7 Comparison Between Parallel Ends and 
Roller End Specimens 26 
5.8 Comparison of Test Results with Design Curves 
and Other Tests 27 
5.8.1 Comparison of Buckling Behavior 27 
5.8.2 Comparison with Design Curves 27 
30 
32 
34 
36 
40 
78 
VI 
6. SUMMARY AND CONCLUSIONS 
7. NOMENCLATURE 
8. REFERENCES 
9. TABLES 
10. FIGURES 
11. VITA 
LIST OF TABLES 
Page 
Table 1.1    Specimen Data for Parallel Ends Specimens        36 
Table 1.2    Specimen Data for Pivoting Specimens 37 
Table 2     Eccentricity, Initial Buckle and Weld Seam 
Location for Roller End Specimens 38 
Table 3     Tensile Coupon Results 39 
VI 1 
LIST OF FIGURES 
Figure Page 
1 Definition of Symbols in Table 2 
(Top View of Specimen) 40 
2 Specimen between Parallel Ends vs. Segment in 40 
Actual Column 
3 Spherical Bearing End above Specimen R9 41 
4 Buckling of Specimen R9 41 
5 Smaller Roller Device and Specimen R12 42 
6 Larger Roller Device and Specimen RIO 42 
7 Specimen PI Tested with Parallel Ends 43 
8 Typical Stress-Strain Curve for a Tensile Coupon 44 
9 Checks for Specimen Imperfections 45 
a) Check of End Squareness and Wall Straightness 
b) Check of End Smoothness 
10 Setup for Parallel Ends Test 46 
11 Roller End Test Setup 47 
12 Specimen R2 at Start of a Roller End Test 48 
(Note Spacer Blocks between Plates) 
13 One of Two Dial Gages Rigged to the Plates of the 48 
Roller Device (in Foreground) 
14 Initial Buckling at the Top of Specimen R5 49 
15 Initial Buckling near Midlength of Specimen R6 49 
16 Bottom View of Specimen PI Showing Equal Length 50 
Lobular Buckles 
17 Spreading of Initial Buckle at Bottom of Specimen Rl 51 
VI 11 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
Buckle Stops Spreading near the Weld Seam of Specimen 
Rl. Note the Tilting of the Bottom End of the 
Specimen. 
Increased Deformation of Specimen Rl Causes Lobular 
Buckles and Pivoting of the Bottom End Plate 
Flattening of Lobular Buckles at the Bottom of 
Specimen Rl 
Load Deformati 
Load Deformati 
Load Deformati 
Load Deformati 
Load Deformati 
Load Deformati 
Load Deformat' 
Load Deformat 
Load Deformat 
Load Deformat 
Load Deformat 
Load Deformat 
Load Deformat 
Load Deformat 
Load Deformat 
Load Deformat 
Load Deformat 
Load Deformat 
Load Deformat 
on Plot for Specimen PI 
on Plot for Speci 
on Plot for Speci 
on Plot for Speci 
on Plot for Speci 
on Plot for Speci 
on Plot for Speci 
on Plot for Spec 
on Plot for Spec 
on Plot for Spec 
on Plot for Spec 
on Plot for Spec 
on Plot for Spec 
on Plot for Spec 
on Plot for Spec 
on Plot for Spec 
on Plot for Spec 
on Plot for Spec 
on Plot for Spec 
men P2 
men P3 
men P4 
men P5 
men P6 
men Rl 
men R2 
men R3 
men R4 
men R5 
men R6 
men R7 
men R8 
men R9 
men RIO 
men Rll 
men R12 
men R13 
Load Deformation Plot for Specimen R14 
51 
52 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
IX 
41 Load Deformation Plot for Specimen R15 73 
42 Load-Eccentricity Plot for Specimen R5 74 
43 Buckling Stresses vs. a. 75 
44 Buckling Stresses vs. D/t using F 76 
45 Buckling Stresses vs. c 77 
ABSTRACT 
The current design rules for local buckling of tubular columns 
are too conservative and show a wide range of predicted values for 
large D/t (diameter-to-thickness ratio). To clarify the rules, column 
tests were recently conducted on short tubular specimens tested 
between parallel   ends by other researchers. 
However, in a long tubular column at buckling, the concave side 
near midlength is most highly stressed and forms local buckles. The 
buckled segment has nonparallel   ends. 
To determine the appropriateness of the parallel ends condition 
to represent local buckling in a long column, tests were performed on 
tubular specimens which had a pivoting end. A second group of speci- 
mens were tested with parallel ends to compare these tests with the 
test results of the other researchers. 
The specimens tested with a pivoting end and those tested with 
parallel ends behaved identically and were similar to the specimens 
tested by other researchers. Thus, the test results obtained by 
testing specimens with parallel ends may be accepted as an accurate 
representation of the local buckling that occurs on the concave side 
of the buckled segment of a long tubular column. 
1.     INTRODUCTION 
1.1      Background 
Columns with tubular cross section are used in many structures 
such as water tanks, light poles, and supporting frameworks for 
offshore oil platforms. The current design rules for local buckling 
of tubular columns exhibit large differences in the buckling stress, 
especially for large D/t (diameter-to-thickness ratios). For example, 
Fig. 43 shows three design rules on a plot of Fc/Fy versus a , a 
nondimensional ized parameter. For an a of 4.0, the DNY rule (10) 
indicates Fc/Fy = 0.8 while the API  rule  (8)   indicates Fc/Fy = 0.67. 
To clear the confusion concerning the design rules, tests were 
performed (1, 2, 3, 4, 5) by other researchers. From these tests, a 
new design curve (1) was proposed, as shown in Fig. 45. All of the 
tests were performed between parallel ends as shown in the left sketch 
in Fig. 2. 
However, in a long, tubular compression member, the stress 
distribution is not likely to be uniform so that the most highly 
stressed segment of the circumference will buckle first. The member 
will become bent, as shown in the right sketch in Fig. 2 and both ends 
of the buckled segment will   rotate. 
So the question arises whether the local buckling stress of the 
specimens of References 1,  2, 3, 4, 5,  which were tested with parallel 
ends,  will   be the same as the local  buckling stress in the long column 
case, which has nonparallel  ends at either end of the buckled segment. 
1.2 Objectives 
The objective of this research was to determine if the local 
buckling stresses are the same for specimens tested with parallel ends 
and specimens tested with a pivoting end. 
An additional and consequential objective was to develop an end 
device that simulates the pivoting end conditions of the buckled 
segment of a long tubular column. 
1.3 Outline of the Research Program 
1.3.1    Similarity between the Test Specimens and the Specimens of 
References 1, 2, 3, 4, 5. 
The specimens were tested with a pivoting end and parallel ends. 
The parallel ends tests could be compared to the specimens of the 
references which were tested with parallel ends. If the behavior of 
the specimens tested with parallel ends was the same as the behavior 
of the reference specimens, then the pivoting end behavior of the 
reference specimens could be determined from the pivoting end tests on 
the test specimens. 
1.3.2 Specimen Tests 
Fifteen pivoting specimens were tested with three pivoting 
setups. Each setup had a pivoting end at one end of the specimen and 
a rigid end at the other end. Six specimens were tested with parallel 
ends. 
1.3.3 Analysis of Test Results 
The behavior of the specimens tested with a pivoting end was 
compared to the behavior of the specimens tested with parallel ends. 
Then, a comparison was made of the test results of the specimens of 
References 1, 2, 3, 4, 5 and of the results of the test specimens. 
2. DESCRIPTION OF SPECIMENS 
2.1  Fabrication and Dimensions of Specimens 
The specimens were fabricated by cold-rolling nominal 0.81 mm 
(0.032 in.) thick steel sheet into a tube. The longitudinal seam was 
joined with a butt-seam on thirteen of the specimens (designated with 
a B in Col. 2 of Tables 1.1, 1.2) and a spot-welded lap seam on eight 
of  the  specimens  (designated with an L  in Col.  2  of Tables 1.1,  1.2). 
The specimens were fabricated into three diameters: 0.1 m (4 
in.), 0.2 m (8 in.) and 0.25 m (10 in.) with the corresponding D/t 
ratios of 118, 237 and 304. The D/t ratios for the specimens in the 
references (1, 2, 3, 4, 5) ranged from 85 to 248 and thus were in a 
comparable range. 
All of the specimens were 0.2 m (8 in.) long except for 
Specimens P4 and P5 which were 0.15 m (6 in.) long. Specimen P5 had a 
damaged end removed and Specimen P4 was made by cutting off the 
buckled end of Specimen R7. 
2.2      Material  Properties 
The specimens were fabricated from SAE 1006 drawing quality spe- 
cial killed cold-rolled steel (11). The rolling direction of the 
sheet was parallel to the longitudinal axis of the specimen. Material 
properties, given in Table 3, were determined from standard ASTM plate 
coupons with a 0.1 m (4.0 in.) gage length (12). The coupons were 
tested in the elastic range at a crosshead speed of 0.64 mm/min 
(0.0025 in./min) (a strain rate of 52 microinches per inch per 
second). 
The static yield stress was determined by computing the average 
of three or four reduced stress levels, or drops, in the horizontal 
yield plateau of the stress-strain plot as shown in Fig. 8. A drop in 
the stress level was obtained by stopping the crosshead and waiting 
five minutes. This resulted, approximately, in a 2 to 8 percent 
reduction in the stress level. 
2 .3  Specimen Imperfections 
Each specimen was checked for roundness, squareness between the 
ends and walls, straightness of the walls, and smoothness of the ends. 
Roundness was checked by visually comparing the ends of the specimen 
with a reference circle drawn on paper. The diameter of the circle 
was slightly larger than the specimen end. Squareness between walls 
and ends was checked with an angle as shown in Fig. 9a. 
Smoothness of the ends was checked by placing the specimen end 
on top of a smooth steel plate and then placing a light bulb into the 
open end as shown in Fig. 9b. If the light shone out from between the 
plate and the end of the specimen,  grinding was needed to smooth the 
end. The ends of the specimen were ground smooth by twisting the spe- 
cimen with moderate pressure with a washing machine action on top of a 
piece of coarse sandpaper taped onto a steel plate. 
2 .4  Specimen End Devices 
Three different end devices were used to simulate a pivoting 
end. The devices were placed at one end of the specimen and the other 
end was rigid to prevent instability of the test setup. The type of 
end conditions for each specimen is given in Col. 3 of Tables 1.1, 
1.2.     The  symbol   meanings are given  at the bottom of Table  1.1. 
2.4.1 Spherical   Bearing End 
The spherical bearing end (designated Dl in Table 1.2) was used 
in testing Specimen R9 as shown in Fig. 3. This type of end was not 
used again because it introduced horizontal shearing forces at the 
ends of the specimen, resulting in a higher buckling stress than 
expected. A sketch of Specimen R9 during buckling is shown in Fig. 4. 
2.4.2 Roller Devices 
The typical roller device, shown in Fig. 5 with the dimensions 
given in Fig. 11, had rollers positioned perpendicular to each other 
and sandwiched between plates. The device allowed both pivoting and 
horizontal translation in any direction. 
Two types of this device were used, small and large. The small 
device in Fig. 5 had small diameter rollers and thin plates when com- 
pared to the large device in Fig. 6. The small device used fine emery 
cloth between the plates and rollers to prevent potential slipping 
between them. However, slipping was not observed and the emery cloth 
was omitted in the setup for the large roller device that was used in 
later tests. 
This device was adequate for testing 0.1 m (4 in.) diameter spe- 
cimens but exhibited bending of the top plate about the top roller in 
testing Specimen R8. This caused Specimen R8 to buckle early as 
explained in Sec. 5.5. 
The large roller device was the same as the small device except 
larger plates and rollers were used and the emery cloth between the 
plates and rollers was omitted. This device is shown in Fig. 6 and 
its dimensions are given in Fig. 11. 
3. TEST PROCEDURE 
3.1  Parallel Ends Test Setup 
The setup for the parallel ends test, shown in Fig. 10, con- 
sisted of a specimen with foil, end plate and grout at each end. The 
grout, spread between the end plates and loading table and head, 
insured a concentric load.  The foil smoothed any dirt or roughness 
between the specimen end and the end plate. 
These tests were performed in^ 530 kN (120 kip) screw-drive 
machine. The setup procedure was as follows. 
Centerlines were drawn on the loading table and the bottom end 
plate. Sheets of plastic were placed between all steel surfaces and 
the grout to facilitate clean-up. 
A thin layer of grout was spread on the loading table and the 
bottom end plate was placed onto the grout layer and centered on the 
loading table by eye using the markings on the plate and the loading 
table. A sheet of aluminum foil was placed on top of the end plate 
and the specimen was placed on top of the foil. The specimen was cen- 
tered with respect to a reference circle which had been drawn on the 
end plate. Another sheet of foil and the top end plate were approxi- 
mately centered on top of the specimen. Then, grout was spread onto 
the top end plate.   The loading head of the machine was lowered into 
the pool of grout so that the head was almost touching the end plate. 
Approximately a half hour later, the grout was hard enough to perform 
the test. 
3.2      Roller End Test Setup 
As shown in Fig. 11 the roller end setup consisted of the roller 
device, with its two plates and two rollers on top of the loading 
table, and the specimen, with an end plate and foil at each end of 
the specimen. The tests were performed in a 1330 kN (300 kip) 
hydraulic machine, since the low table facilitated the setup of the 
roller device.    The setup procedure consisted of the  following steps: 
1) Centerlines were drawn on the loading table, and the plate and 
roller edges so that the center lines of the plates and rollers 
could be lined up with the center lines on the loading table. 
2) The plate and roller center lines were lined up by eye with the 
aid of a carpenter's angle. The first plate and bottom roller 
were lined up with the table centerlines. The roller was 
chucked with small wooden wedges. Another plate was placed on 
top of this roller and lined up. The plate was stabilized by 
inserting wooden spacer blocks under the corners of the plate. 
Then, the top roller, positioned perpendicularly to the bottom 
roller, was lined up and chucked on top of this plate. 
10 
3) The specimen and the end plates were placed on top of the roller 
device. The first end plate was lined up and stabilized with 
spacer blocks. Aluminum foil, and then, the specimen were 
placed on top of this plate. The specimen was centered by using 
a reference circle drawn on the plate. Then another sheet of 
foil and the second end plate were approximately centered on top 
of the specimen. The loading head of the machine was lowered on 
top of the second end plate and a small load of about 0.5 kN 
(0.1 kip) was applied to keep the setup stable. The completed 
test setup is shown in Figs. 12 and 13. 
Before the application of the first load increment, the wooden 
wedges and spacer blocks were removed. At the end of the test, the 
wedges and blocks were reinserted before raising the crosshead. 
3.3  Instrumentation 
Four dial gages measured the axial deformation of the specimen. 
They were positioned near each corner of the end plates. Each dial 
gage was fixed to a magnet, which was attached to the underside of the 
top end plate. 
Three electric resistance strain gages measured the strain in 
the specimen wall. From the strain values, load eccentricity was com- 
puted as explained in Sect. 5.4.   The strain gages were located at 
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midlength   at   three  equal .intervals   around  the  circumference  with  one 
of the gages  directly opposite the weld seam as shown in Fig.  1. 
In the six roller end tests, the horizontal motions of the two 
plates above the two rollers were measured. This provided another 
means, in addition to comparing buckling loads, to check the simi- 
larity between the parallel ends and roller end tests. As shown in 
Fig. 13, a dial gage was rigged to each plate above a roller by 
attaching a magnet to the edge of the plate and fastening a wire bet- 
ween the magnet and a fixed dial   gage about 1 m (3 ft)  away. 
3.4      Load Increments, Data Collection and Crosshead Speeds 
For all of the tests, load increments of 4.45 kN (1.0 kip) were 
used. For the last few increments prior to the theoretically expected 
buckling load,  the load increments were reduced to 2.2 kN (0.5 kip). 
After adding an increment of load, the strain and dial gage 
readings were recorded. In three to five minutes, the next increment 
of load was applied. The crosshead speed for the parallel ends tests, 
performed in the 530kN (120 kip) screw-driven machine, was 0.64 mm/min 
(0.025 in./min). For the roller end tests, performed in the 1330 kN 
(300 kip) hydraulic machine, a crosshead speed of about 0.076 mm/min 
(0.003 in./min) was used. The crosshead speeds given above were the 
slowest practical   speeds  for each machine. 
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4. TEST RESULTS 
4.1    Load-Deformation Behavior of Specimens 
A general idea of the behavior of the specimens may be seen in 
the load-deformation plots shown in Figs. 21 to 41. The ordinate 
F/FyS is the average axial stresss F nondimensionalized with respect 
to the static yield stress FyS. The abscissa is the axial defor- 
mation, defined as the axial shortening obtained from the average of 
the readings of the four corner dial gages. The general shape of the 
load-deformation plots is the same for both parallel ends specimens 
and  roller end  specimens  as can be  seen by comparing Figs.  21  and 27. 
4.2.    Prebuckling Behavior 
As shown in all of the load deformation plots, the curve before 
buckling has an s-shaped appearance with two nonlinear segments, one 
near the origin and the other before the ultimate. For example, for 
Specimen PI in Fig. 21, the initial nonlinear segment begins at the 
origin and ends at about F/FyS = 0.15 which is 17 percent of the 
buckling stress. The second nonlinear segment begins at about F/FyS = 
0.54 which is 63 per cent of the buckling stress and ends at the 
buckling stress. Between these nonlinear segments, the prebuckling 
curve is linear. 
13 
4.3.   Motion of the Bottom of Roller End Specimens R2, R3, R4, R6, R7 
and Rll 
Horizontal motion of the bottom end of the specimen was obtained 
for six specimens: R2, R3, R4, R6, R7, Rll. Generally, a slight 
movement occurred at the application of the first 4.5 kN (1 kip) load 
increment and during buckling. Between these times, there was no 
motion. The only exception was for Specimen R2, which experienced a 
few slight back and forth shiftings of less than 0.03 mm (0.001 in.). 
Of the six specimens, Specimen Rll had the maximum initial 
motion of 0.85 mm (0.034 in.) and Specimen R7 had no motion either at 
the first load application or for the remainder of the test until 
buckling. The bottom end motion of Specimens R2, R3, R4 and R6 ranged 
from 0.02 to 0.18 mm (0.0007 to 0.0069 in.). 
4.4    Buckling Behavior 
The buckling stresses, nondimensional ized with respect to FyS, 
are given in Col. 9 of Tables 1.1, 1.2. The location of the initial 
buckle on the circumference and along the length is given in Table 2. 
(An explanation of Table 2 is given in Sect. 5.4.) 
The initial buckle formed at the top end for all six of the 
parallel ends specimens. For the roller end specimens, eight buckled 
at the bottom, two at the top (R5, R7) and two at midlength (R6 and 
Rll). 
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Specimens R12 and RIO buckled at the top and bottom ends simultane- 
ously, but the top buckle stayed insignificantly small and only the 
bottom buckle  spread. 
The initial buckle was barely noticeable and took the form of an 
outward bulge that encompassed about one eighth of the circumference. 
The bulge had a vertical length of about 12 mm (0.5 in.) and a depth 
of about 1 mm (0.05 in.). The end buckles occurred about 13-19 mm 
(0.5-0.75  in.)  from  the  specimen end. 
At buckling, the average axial deformation was 0.36 mm (0.014 
in.). The range of deformation and corresponding stress was from 0.25 
mm (0.01 in.) and 0.935 Fys for Specimen Rl to 0.57 mm (0.022 in.) and 
0.918 FyS for Specimen P6. Specimens P2 and R8 were not used in the 
averages  because they buckled prematurely as discussed  in Section 5.5. 
4 .5      General  Postbuckling Behavior 
The postbuckling behavior will be described by first observing 
the loading history, and then observing the specimen behavior for the 
parallel   ends and roller end specimens. 
Immediately prior to buckling, the testing machine load indica- 
tor hand hesitated and began dropping off. Loading was stopped at 
this point. The maximum load prior to the drop off indicated the 
buckling load. Inspection of the specimen revealed an almost un- 
noticeable initial   buckle as described  in Sect. 4.4. With the load 
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stabilized at 60 to 90 percent of the buckling load, loading was 
resumed until the load indicator dropped off again and loading was 
stopped. Several     repetitions    of    this    process    resulted    in    the 
downsloping postbuckling curve.    A typical   curve  is  shown  in Fig. 21. 
4.5.1 Postbuckling Behavior of the Parallel   Ends  Specimens 
At the formation of the initial buckle, the load dropped from 
ultimate, as shown typically in Fig. 21 for Specimen PI. With addi- 
tional downward movement of the crosshead, the initial buckle quickly 
spread to encompass the full circumference and became deeper. This 
corresponds to the downsloping postbuckling curve. Then, uniform 
lobular buckles formed around the circumference, shown in Fig. 16, 
corresponding to the flat portion at the end of the postbuckling 
curve. 
4.5.2 Postbuckling Behavior of the Roller End Specimens 
The postbuckling behavior of Specimen Rl, typical for the roller 
end specimens, is described to exemplify the behavior of a specimen 
tested with the roller device. 
The initial buckle of Specimen Rl had a circumferential length 
of about one-eighth of the circumference and formed at the bottom 
end,    directly opposite the weld seam. The bulge quickly spread to 
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encompass about three-fourths of the circumference, as shown in Figs. 
17 and 18. This corresponds to the first half of the downsloping 
postbuckling curve, shown to the right of the maximum F/FyS in Fig. 
27. 
Motion of the end plate at the bottom of the specimen as 
obtained for Specimens R2, R3, R4, R6, R7, Rll, indicated that at 
buckling, the end plate moved toward the buckled segment of the cir- 
cumference and continued to move in this direction throughout the 
postbuckling range. The motion of the bottom end of the specimen 
ranged from 0.005 mm (0.0002 in.) to 1.14 mm (0.045 in.) for Specimens 
R7 and Rll, respectively. The average motion was 0.51 mm (0.02 in.). 
This average excludes Specimen R7  since  its motion was much  smaller. 
Further deformations of the specimen caused pivoting of the bot- 
tom end plate into the buckle and the formation of lobular buckles 
around most of the circumference as shown in Figs. 19 and 20 and simi- 
lar to those in Fig. 16. The buckles had about the same circumferen- 
tial length but a varying amplitude of deformation. The greatest 
flattening of the buckles occurred where the initial buckle formed, 
shown on the left side of Specimen Rl in Fig. 20. A small segment of 
the circumference opposite the location of the initial buckle stayed 
unbuckled,  as  shown on the  right side of Specimen Rl in Fig. 20. 
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5. DISCUSSION OF TEST RESULTS 
5.1 Prebuckling Behavior 
The load-deformation plots for the parallel ends and roller end 
specimens have the same general shape. The curve before buckling was 
described in Sect. 4.2 as s-shaped with two nonlinear segments at the 
initial part of the curve and before buckling. The initial segment 
was probably due to adjustments of the machine and test setup to the 
first applications of load: the squeezing of the grease on the 
loading screws, adjustments of the testing machine components and the 
grout or roller device. 
5.2 Buckling Behavior 
The ultimate stresses at buckling are essentially the same for 
the parallel ends and roller end specimens for specimens with the same 
D/t. This indicates that the type of end condition has little or no 
effect on the local buckling stress of the short column specimens. 
All of the parallel ends specimens buckled at the top while most 
of the roller end specimens buckled at the bottom as indicated in Col. 
3 of Table 2. A possible explanation is that the buckle occurred at 
the end where some minute horizontal motions or tilting could occur. 
For the parallel ends specimens, deformation, and thus, load was 
applied by lowering the top crosshead on a screw-driven machine. A 
slight wobble in the screws could induce buckling at the top end of 
the specimen. 
I 
In the case of the roller end specimens, the pivoting device at 
the bottom end of the specimen was designed to allow horizontal 
translation and pivoting. Thus, a slight motion of the pivoting 
device combined with the initiation of yielding and eccentricity would 
induce buckling at the bottom end. A slight line load effect on the 
bottom of the specimen due to the bending of the end plate about the 
top roller (the cause of the early buckling of Specimen R8) does not 
seem to have much effect. The initial buckle was independent of the 
orientation of the top roller as shown in Col. 5 of Table 2. 
Buckling occurred at the end of a specimen probably because of 
the Poisson's ratio effect which causes the specimen wall under 
compression to expand laterally. Since lateral expansion of the wall 
is prevented at the ends of the specimen from friction between the 
specimen end and end plate, a bending moment is introduced into the 
wall of the specimen in addition to the axial load. 
The initial motions of the bottom end of the specimens in the 
roller end tests were quite small and were probably due to adjustments 
of the specimen and the roller setup to the first applications of 
load. During the test, the bottom end was motionless indicating a 
similarity between the roller end and parallel ends tests. 
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The value of Fc/Fys is greater than 1.0 for Specimens RIO, Rll, 
R12 as shown in Col. 9 of Table 1.2 There are two possible reasons. 
The FyS was determined from flat plate coupons. Since the specimens 
were cold rolled, the rolling may have increased FyS. Also the speci- 
men buckled at a dynamic load during the application of a load incre- 
ment. The buckling stress Fc is nondimensionalized with respect to 
the statis yield stress FyS. Since the yield stress of the specimen 
material is dependent upon the strain rate, the specimen may have 
buckled at a yield stress consistent with the strain rate of the load 
increment (7). In other words, the specimen offered a greater 
resistance to the dynamically applied load. 
5 .3  Postbuckling Behavior 
The buckling patterns were essentially the same for the parallel 
ends and roller end specimens except for one difference. The charac- 
teristic difference in the postbuckling behavior between these speci- 
mens was the manner in which the buckles spread after initial 
buckling. The parallel ends specimens developed uniformly deformed 
buckles of equal circumferential length that formed simultaneously 
around the full circumference. The postbuckling of the roller end 
specimens was influenced by the ability of the bottom end of the spe- 
cimen to follow the tilting of the roller device. This caused the 
buckles to spread away from the initial buckle, thus allowing the part 
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of the circumference nearly opposite the intial buckle to remain 
unbuckled and causing greatest deformation at the location of the ini- 
tial buckle. 
The only specimens tested far into the postbuckling range in 
order to produce a flattening of the postbuckling part of the load- 
deformation plot were Specimens PI, R9 and Rl (Figs. 21, 35 and 27). 
For these specimens, the flattening occurred at 37, 28, and 12 percent 
of the buckling stress and at a total axial deformation of 1.8 mm 
(0.07 in.), 3 mm (0.12 in.) and 5.8 mm (0.23 in.), respectively, for 
PI, R9 and Rl. 
5.4  Eccentricity 
The eccentricity and location of the initial buckle and the weld 
seam for the roller end specimens are given in Table 2. Figure 1 
defines the positive directions of the symbols used in Table 2. The 
x-axis is oriented along the centerline of the top roller of the 
roller device. The counter-clockwise angles <$> and e , referenced from 
the x-axis, define the location of the initial buckle and of the weld 
seam,  respectively. 
The   eccentricity   components,   e    and  e  ,   were  computed   from  the 
x y 
strain gage data.  The following three equations give the strains at 
the location of the three strain gages. 
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e E = P/A +  (Pe x )/I + (Pe y  )/I 
1 x 1 y 1 
(1) 
c
 E = P/A +  (Pe x )/I +  (Pe y )/I 
2 x 2 y 2 
^E = P/A +  (Pexx3)/I +  (Peyy3)/I 
For strain gage 1, e^ is the strain and x^ and y^ are the coor- 
dinates as shown in Fig. 1. The strains and coordinates for strain 
gages 2 and 3 are defined similarly. 
The three unknowns are ex, ey and E (effective modulus of 
elasticity). The solution for ex and ey in terms of the radius and 
strains  is: 
/~3 £1  "£2 
l       l   1+ 2 + 3; ' 
(2) 
ey-T 
[2e3 -ci -h\ 
(ej  +C2 +e3  ) 
The eccentricity at each load increment was computed from the 
respective ex and ey values and plotted with respect to the load in 
Fig. 42 for Specimen R5. The eccentricity components ex and ey, given 
in Cols. 6 and 7 of Table 2, correspond to the highest load at the end 
of the linear portion of the load-eccentricity plot. The eccentri- 
city, given in Col. 8 of Table 2,    was computed for each specimen,  not 
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from the ex and ey values of Cols. 6 and 7, but from the average of 
the eccentricity values of the linear portion of the load-eccentricity 
plots. These averages are considered to be more representative of the 
actual conditions in the specimens since there was substantial incon- 
sistency in the strain gage readings in the nonlinear portion imme- 
diately prior to buckling. 
The local buckling stress Fce given in Column 7 of Table 2, is 
the stress computed for the buckle location and produced by the 
observed axial load. The eccentricity components were computed from 
the eccentricity, given in Col. 8 of Table 2, and were oriented using 
the eccentricity components,  given  in Cols.  6  and 7  of Table 2. 
The x, y coordinates are the coordinates of the initial buckle which 
are also defined by the angle 4> as shown in Fig. 1. The load Pc is 
the buckling load. 
The correct magnitude of the stress Fce depends upon the 
accuracy of determining the location of the initial buckle, and since 
the buckle was sometimes not noticed until it bulged out and spread 
slightly, some error may exist in the value of Fce. For Specimens P3, 
P4 and R14, there is a fairly large difference between Fc and 
Fce which  is most likely due  to  the  inaccuracy of  determining     4> 
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5.5 Early Buckling of Specimens P2 and R8 
Specimen P2, tested with parallel ends, buckled at 70 percent of 
its expected capacity probably because the ends were not sufficiently 
smooth, as this specimen was not checked for end smoothness by the use 
of the light bulb method. 
Specimen R8, which had a diameter of 0.2 m (8 in.), was tested 
with the smaller roller device. Apparently, the specimen buckled 
early because the thin end plate bent about the top roller of the 
roller device and caused higher stresses to develop in the specimen 
wall in the two regions directly above the roller. However, the 
thickness of the end plate was apparently adequate for the 0.1 m 
(4 in.) diameter specimens. 
5.6 Static and Dynamic Load Behavior of Specimens P3, P4 and P5 
Static and dynamic load levels were recorded during the parallel 
ends tests of Specimens P3, P4 and P5. The three specimens were 
tested with the same procedure as was used for testing other parallel 
ends specimens except that after applying a load increment, the load 
level was recorded before and after a 5-minute waiting period. Within 
this period, the load level dropped from the dynamic level to a lower 
static level as shown by the vertical drops in Figs. 23, 24, and 25. 
The drops are almost insignificant in the prebuckling range. In the 
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postbuckling range, the drops are larger and etch out a sawtooth 
pattern. The drops were caused by the effect of the speed of lowering 
the loading crosshead. More resistance was offered to the moving 
cross-head by the plastified material in the buckled portions of the 
specimen. This resulted in the recording of a "dynamic" load level. 
When the crosshead was stopped, the buckled portion relaxed and the 
load dropped down to a "static"  load level. 
The straight climbing portion between the deformations of 0.5 
and 1.75 mm shown in Fig. 25 for Specimen P5 resulted from applying 
the load at a crosshead speed of 9.5 mm/min. (0.375 in./min.). When 
averaged over the 0.15 m (6 in.) length of the specimen, this speed 
gave the strain rate specified by ASTM for testing tensile coupons. 
After loading was stopped, the load level dropped significantly down 
to a "static" load level. This load is slightly higher than the 
typical load level for the other specimens at that deformation 
(F/FyS = 0.54 vs. F/FyS = 0.3. If more than a 5 minute waiting period 
had been used before applying the next load, the static load level 
would probably be at the load level typical for the other specimens. 
If the specimen had been loaded with the regular slow crosshead speed 
as defined in Sect. 3.4, a curve of the shape shown by the dashed line 
would have resulted. 
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In Figure 24, a hysteresis loop is shown near the end of the 
load-deformation curve for Specimen P4. The loop was made by par- 
tially unloading and reloading the specimen. The slope of the loop is 
nearly identical to the linear portion of the prebuckling curve. 
5.7  Comparison Between Parallel Ends and Roller End Specimens 
In Figures 43, 44 and 45, the test results of the parallel ends 
and roller end specimens exhibit a random distribution for specimens 
with the same D/t. This indicates that the end conditions had an 
insignificant or no effect on the local buckling stress. 
The buckling behavior of the two types of specimens was the 
same. For most of the specimens, a ring bulge formed at one end and 
lobular buckles formed soon afterwards during postbuckling. The lobu- 
1ar buckles of the roller end specimens did not spread over the whole 
circumference due to the tilting of the end plate, although the size 
and pattern of the individual buckles were essentially the same as for 
the parallel ends specimens. 
The lack of, or insignificant, motions of the bottom end of 
roller end specimens R2, R3, R4, R6, R7 and Rll indicated the simi- 
larity between the roller end tests and the parallel ends tests. 
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5.8  Comparison of Test Results with Design Curves and Other Tests 
5.8.1 Comparison of Buckling Behavior 
Most of the test specimens formed ring bulges at one end at 
buckling and lobular buckles during postbuckl ing. This behavior 
is quite similar to the behavior of most of the specimens of 
References 1, 2, 3, 4, 5. These specimens also formed ring bulges and 
lobular buckles at one end although a few formed lobular buckles at 
initial buckling. 
5.8.2 Comparison with Design Curves 
Figures 43, 44 and 45 show the test results plotted against 
three different nondimensionalized parameters on the abscissa: a , 
D/t and c. The ordinate has the buckling stress Fc nondimensionalized 
with respect to the static yield stress FyS. The test points fall 
into three or five groups corresponding to different D/t values. The 
circled numbers above each group are referenced to the legend where 
the specimens are listed from top to bottom in the order in which they 
are plotted. Note that in Fig. 43, the DNV and API design curves were 
drawn using FyS = 160 MPa (23 ksi), the average static yield stress of 
the test specimens. 
The rules for the API curves (8) in Figs. 43 and 44 are: 
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for D/t < 60 
F 
c 
F 
y 
for 60 < D/t < 300 
F 
c 
F 
y 
1. 
1.00 
(4) 
64 - 0.23 VD/t 
In Fig. 43, the nondimensionaized parameter a    is defined by 
a
=Fy * D/T (5) 
The parameter a is used to reduce the scatter among the test results 
for specimens with different yield stresses. Excluding Specimens P2 
and R8 since they buckled early, the API curve (8) in Fig. 43 is a 
lower bound for all of the specimens. The DNV (10) and AISI (9) cur- 
ves are conservative for specimens with small a . The average test 
results for the specimens with larger a follow these curves closely. 
In Fig. 44, the API curve is conservative for all of these test 
results, except for Specimens P2 and R8, and is more conservative for 
specimens with small D/t. The test data is nondimensional ized with 
respect to the static yield stress FyS. However, in actual practice, 
the API rule is meant to be used with the ASTM dynamic yield stress 
Fycj.   If Fyd had been used to nondimensional ize the data, the data 
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points would drop down nearer to the curve thus showing the design 
rule to be a reasonable and conservative approximation of the test 
results. 
Figure 45 shows the design curve (1) developed from test data on 
short columns (1, 2, 3, 4, 5) tested with parallel ends: 
for c <0.07 
F 
c 
Fy 
38 c ■ - 480 c2 + 2020 c 
for c - 0.07 
Fc 
Fy 
1.0 
(6) 
where 
X1      i 
Fy      *      D7t 
The parameter c was used in Ref. 1 to propose an equation for pre- 
dicting the local buckling strength of 350 MPa (50 ksi) steel tubular 
columns and was extended for tubular columns with 250 MPa (36 ksi) 
steel. 
Excluding P2 and R8, the test points follow the curve with the 
average quite close to the curve. The curve is slightly more conser- 
vative for specimens with large D/t shown in group 1 on the plot. 
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6.  SUMMARY AND CONCLUSIONS 
Tests were performed on twenty-one tubular specimens to check 
the appropriateness of the parallel ends condition to represent local 
buckling in long tubular columns. The specimens were 0.2 m (8 in.) 
long except for two of them which were 0.15 m (6 in.) long. They were 
fabricated from nominal 0.81 mm (0.032 in.) steel sheet and rolled 
into three diameter sizes: 0.1 m (4 in.), 0.2 m (8 in.) and 0.25 m 
(10 in.). The corresponding diameter-to-thickness ratios (D/t) were 
118, 237 and 304. 
These specimens were tested with two setups: six had parallel 
ends and fifteen had a pivoting or roller end. The behavior and 
buckling stresses of the parallel ends and roller end specimens were 
basically the same. The initial buckle formed at one end in all of 
the specimens except for two specimens that buckled at midheight and 
for two that formed initial   buckles at both ends. 
The only difference between the parallel ends and roller end 
specimens was in the postbuckling behavior. The parallel ends speci- 
mens formed a uniform ring bulge around the full circumference and 
then equal-length lobular buckles. The roller end specimens formed a 
ring bulge around most of the circumference but left a small segment 
of the circumference unbuckled. The lobular buckles that formed were 
basically the  same as  for the parallel   ends  specimens except that the 
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buckles did not spread over the whole circumference as the end plate 
tilted. 
1) The results of testing the specimens of References 1, 2, 3, 
4, 5 which were tested with parallel ends accurately repre- 
sent the local buckling of long tubular columns. 
The following conclusions from this research support the first 
conclusion: 
2) The average buckling stresses of the roller end and 
parallel ends specimens were the same for specimens with 
the same range of D/t. This indicates that the end con- 
ditions had no effect on the local buckling stress. 
3) The local buckling behavior of the test specimens andjL» 
reference specimens was the same. In general, a ring bulge 
formed at one end followed by lobular buckles during 
postbuckling. 
4) The average buckling stresses of the test specimens follow 
the design curve derived from the test results of the spe- 
cimens of References 1, 2, 3, 4, 5 shown in Fig. 45. In 
Fig. 44, the test results are closely intermixed with the 
results of the specimens of References 2,3,4 and 5. 
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NOMENCLATURE 
A        =    cross-sectional   area 
3    /E   ' 1 
c = nondimensional   parameter =     \/F      "    Tj/t 
D = mean diameter = OD-t 
E = modulus of elasticity = 203, 400 MPa  (29, 500 ksi) 
e = eccentricity 
ex = eccentricity component in the x-direction 
ey = eccentricity component in the y-direction 
F = axial   stress =     JL 
A P 
Fr = local   buckling  stress =    —- 
Fce = local   buckling stress produced by an eccentric load 
Pc (*♦   V     -^) 
Fy = yield stress (nominal, static, or dynamic as applicable) 
Fyd = dynamic yield stress 
FyS = static yield stress 
I = moment of inertia 
L = length 
OD = outside diameter 
P = axial load 
Pc = local buckling load 
R = radius 
t = thickness 
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x = x-coordinate of initial   buckle defined by 
y = y-coordinate of initial   buckle defined by 
x^ = x-coordinate of strain gage 1 
y\ = y-coordinate of strain gage 1 
a = nondimensional   parameter =    £    ,    1 
Fy    m 
£\ - strain at strain gage 1 
e2 = strain at strain gage 2 
E3 = strain at strain gage 3 
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Table 1.1  Specimen Data for Parallel Ends Specimens 
Static 
Spec. 
Weld 
Seam 
End 
Cond. 
L=0 .2 ra 
D/t 
Area 
(mm)2 
Yield 
F 
ys 
(MPa) 
F 
c 
F 
ys 
D 
(m) 
t 
(mm) 
1 2 3 4 5 6 7 8 9 
PI L P 0.20 0.8560 237.4 557.3 165.41 0.848 
P2 L P 0.20 0.8560 237.4 557.3 165.41 0.571 
P3 L P 0.20 0.8560 237.4 557.3 165.41 0.893 
P4 B P 0.20 0.8357 243.2 533.5 153.28 0.867 
P5 B P 0.10 0.8357 121.6 266.5 153.28 0.992 
P6 L P 0.10 0.8560- 118.7 284.1 165.41 0.918 
Notes for Tables 1.1 and 1.2: 
Col. 1:  P = Parallel Ends Test 
R = Roller Test 
Col. 2:  L = Lap Seam, B = Butt Seam 
Col. 3:  P = Parallel Ends 
Dl = Spherical Bearing End 
D2 = Small Roller Device 
D3 = Large Roller Device 
Col. 7:  For Lap Seam Specimens, Area Includes 
12.7 mm (0.5 in.) overlap at the Lap Seam 
248.22 MPa = 36 ksi 
25.4  mm = 1.0 in. 
Table  1.2     Specimen  Data  for  Pivoting  Specimens 
Static 
Weld End 
L=0 2 m 
Area 
Yield 
F ys 
F 
c 
F ys 
D t 
Spec. Seam Cond. On) (mm) D/t (mm)2 (MPa) 
1 2 3 4 5 6 7 8 9 
Rl B D3 0.25 0.8357 304.0 667.1 153.28 0.936 
R2 B D3 0.25 0.8357 304.0 667.1 153.28 0.897 
R3 B D3 0.25 0.8357 304.0 667.1 153.28 0.949 
R4 B D3 0.25 0.8357 304.0 667.1 153.28 0.866 
R5 B D3 0.20 0.8357- 243.2 533.5 153.28 0.925 
R6 B D3 0.20 0.8357 243.2 533.5 153.28 0.974 
R7 B D3 0.20 0.8357 243.2 533.5 153.28 0.974 
R8 ' B D2 0.20 0.8357 243.2 533.5 153.28 0.740 
R9 L Dl 0.20 0.8560 237.4 557.3 165.41 0.977 
RIO B D3 cf.io 0.8357 121.6 266.5 153.28 1.016 
Rll B D3 0.10 0.8357 121.6 266.5 153.28 1.018 
R12 B D2 0.10 0.8357 121.6 266.5 153.28 1.034 
R13 L D2 0.10 0.8560 118.7 284.1 165.41 0.960 
R14 L D2 0.10 0.8560 118.7 284.1 165.41 0.947 
R15 L D2 0.10 0.8560 118.7 284.1 165.41 0.929 
See   notes    in   Table    1.1 
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Table 2 Eccentricity,' Initial Buckle and Weld Seam Location 
for Roller End Specimens 
Spec. r 
D 
(m) ** 
e 
Deg Deg 
ex 
(mm) 
ey (mm) (8m) 
F 
ce 
F 
c 
F 
ys 
1 2 3 4 5 6 7 8 9 10 
Rl 0.25 B 0 90 2.642 -3.818 4.856 0.879 0.936 
R2 0.25 B 0 135 4.343 2.720 5.349 0.880 0.897 
R3 0.25 B 270 0 7.036 5.458 9.014 1.018 0.949 
R4 0.25 B 0 90 15.93 17.21 23.73 1.101 0.866 
R5 0.2 T 0 315 7.737 -0.094 7.800 1.026 0.925 
R6 0.2 M 270 270 2.512 7.15C 7.617 0.875 0.974 
R7 0.2 T 270 90 N N N N N 
R8 0.2 B 0 0,180 H N N N N 
RIO 0.1 T,B 0 45 1.461 1.255 1.983 1.093 1.016 
Rll 0.1 M 270 270 N N N N N 
R12 0.1 T,B* 0 225 4.120 -4.961 6.452 1.058 1.034 
R13 0.1 B 0 90 N N N N N 
R14 0.1 B 45 180 -8.08S 0.511 8.120 1.167 0.947 
R15 0.1 B 90 135 N N N N N 
Notes:  *Initial buckling at top and bottom but only the bottom 
buckle spread. 
N: Not measured 
**Location of buckle along length 
B = Bottom, T = Top, M = Midlength 
Cols. 4 to 6: e , ij) , ex, ey are defined in Fig. 1 
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Table 3 Tensile Coupon Results 
Coupon 
No. 
Thick- 
ness 
(mm) 
F ys 
(MPa) 
Fyd 
52 um/ 
m/sec F ys 
F 
u 
(MPa) 
1 2 3 4 5 6 
Coupons for Lap- Seam Specimens 
L4 0.8560 169.96 173.00 1.02 289.93 
L5 0.8585 159.62 167.55 1.05 236.91 
L6 0.8560 164.72 171.96 1.04 245.32 
L8 0.8560 169.07 183.06 1.08 281.45 
L10 0.8509 163.69 170.58 1.04 229.40 
Average 0.8560 165.41 173.20 1.05 256.63 
Coupon s for Butt .-Seam Specimens 
L2-1 0.8331 152.03 155.00 1.02 282.49 
L2-2 0.8331 154.52 159.21 1.03 285.38 
L2-3 0.8458 152.72 157.21 1.03 242.57 
L2-5 0.8331 153.90 157.55 1.02 ' 274.15 
T2-1* 0.8357 153.62 159.48 1.04 245.46 
Average 0.8357 153.28 157.27 1.03 271.18 
*T2-1 was not used in the average 
(T2-1 taken transverse to rolling direction) 
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BUCKLE 
2 
WELD SEAM 
<£TGP ROLLER 
ECCENTRIC LOflO 
X 
STRAIN GAGE 
Fig. 1  Definition of Symbols in Table 2 (Top View of Specimen) 
LOCAL BUCKLING 
OF fl SHORT SEGMENT 
///////// 
Fig. 2  Specimen between Parallel Ends vs. Segment in Actual Column 
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&i*3 Fig. 3  Spherical Bearing End above S 
SPHERICAL BEARING END 
Fig. 4  Buckling of Specimen R9 
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Fig. 3  Spherical Bearing End above Sepcimen R9 
SPHERICAL BEARING END -i    I   P 
///////// 
Fig. 4  Buckling of Specimen R9 
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Fig. 5  Smaller Roller Device and Specimen R12 
Fig. 6  Larger Roller Device and Specimen RIO 
42 
Fig. 7  Specimen PI Tested with Parallel Ends 
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a)  Check of End Squareness and Wall Straightness 
LIGHT FIXTURE 
SPECIMEN 
PLRTE 
b)  Check of End Smoothness 
Fig. 9     Checks for Specimen Imperfections 
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Fig. 12  Specimen R2 at Start of a Roller End Test 
(Note Spacer Blocks between Plates) 
Fig. 13  One of Two Dial Gages Rigged to the Plates of the 
Roller Device (in foreground) 
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Fig. 14  Initial Buckling at the Top of Specimen R5 
Fig. 15  Initial Buckling near Midlength of Specimen R6 
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Fig. 16  Bottom View of Specimen Pi Showing Equal Length 
Lobular Buckles 
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Fig- 17  Spreading of Initial Buckl e at Bottom of Specimen Rl 
Fig. 18  Buckle Stops Spreading near the Weld Seam of Specimen Rl. 
Note the Tilting of the Bottom End of the Specimen. 
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Fig.  19 
Increased Deformation of Specimen R1 caus 
Lobular Buckles and Pivoting of the Botto 
End Plate 
es 
m 
Fig. 20   Flattening of Lobular Buckles at the 
Bottom of Specimen R1 
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Fig. 42  Load-Eccentricity Plot for Specimen R5 
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